1 3 1 4 Highlight: The implementation of a systemic approach provided insights into salt stress 1 5 adaptation response mechanisms of contrasting bread wheat genotypes from two mapping 1 6 populations at both osmotic and ionic phases. Abstract 1 8
Introduction 3 8
Bread wheat (Triticum aestivum L.) is a key staple crop for global food security and to feed 3 9 the world population by 2050 its production needs to be increased substantially (Curtis and 4 0 Halford, 2014) . Therefore, breeding programs should emphasize on the genetic improvement 4 1 of complex traits to increase yield potential under growth limiting conditions (Hawkesford et of the plants (Julkowska and Testerink, 2015) . A model proposes that in the osmotic phase the 7 5 1 3 8 photosynthesis rate from 0 to 45 min after stress exposure (ASE). As "turning points" were 1 3 9 considered the time points with maximum variation response, as revealed by the change of 1 4 0 direction from the curve slope ( Fig. 1A) . hydroponic boxes without NaCl. Samples for the ionic stress conditions were collected at 11 1 4 9 days and 24 days in both salt stressed and unstressed plants. A biologically averaged 1 5 0 experiment was conducted where each sampled condition consisted on a pool of five leaves 1 5 1 from four plants that were harvested and immediately stored in liquid nitrogen for posterior 1 5 2 homogenization. This sampling strategy allowed an exploratory analysis with less amount of 1 7 0 A new annotation file was elaborated to count reads beyond the predicted 3'-ends of high 1 7 1 confidence (HC) and low confidence (LC) gene models (IWGSC, 2018) with the purpose to 1 7 2 contribute to gene model improvement and to better estimate gene expression levels. For that, 1 7 3 the annotated gene models were extended by 40 % downstream of the predicted 3'-end in the 1 7 4 case of intergenic regions greater than 1000 bp but smaller than three times the gene size. When the intergenic distance was larger, the elongated target sequence corresponded to the 1 7 6 size of the gene. Then, the stranded option from the featureCounts tool (Liao et al., 2014) the Subread software (Liao et al., 2013) was used to count the unique mapped reads assigned 1 7 8 to the elongated HC and LC gene models and to novel predicted transcripts. The read count 1 7 9
data was normalized to counts per million. An average normalized value of 2.5 across 1 8 0 libraries from the same genotype was selected as threshold to define a transcriptomic 1 8 1 background aiming to select the genes adequately represented and to reduce the number of 1 8 2 low expressed transcripts that might cause sampling noise (Sha et al., 2015; Lin et al., 2016) 1 8 3 A merged alignment file with all reads from the libraries was generated to compare the 1 8 4 number of reads counted using the extended gene models with those counted employing the 1 8 5 reference annotation. To exemplify the improvement in transcript quantification with the 1 8 6 extended gene models, two windows of 5 Mbp (23 to 28 Mbp coordinates of the 1 8 7 chromosomes 5B and 7D) were inspected in the alignment files from two libraries. The online 1 8 8 web tool GenomeView (Abeel et al., 2012) allowed the visualization of the alignments in the 1 8 9 reference genome to observe the coordinates of the reads scored beyond the 3'-end gene After filtering the low expressed transcripts, salt-responsive genes were identified using the Bonferroni multiple hypothesis correction test was implemented, thus GO terms with a 2 1 1 corrected p-value < 0.001 and < 0.005 were considered as over-represented during the 2 1 2 osmotic and the ionic phases, respectively. Over-represented categories during the osmotic 2 1 3 phase were selected to graphic the time course expression profiles of the corresponding genes. A LOESS (locally estimated scatterplot smoothing) curve was used to represent the 2 1 5 expression tendency of the clusters of genes. The identification of QTGs was done by localizing salt-responsive genes revealed with the 2 1 9 transcriptomic analysis within the LD blocks of the corresponding QTL. Thus, adjacent 2 2 0 markers in strong LD (R 2 ≥ 0.8) with the significant single nucleotide polymorphism (SNP) 2 2 1 were assigned to one LD block (Cirilli et al., 2018) . Polymorphic markers in the contrasting 2 2 2 genotypes Altay2000 and Bobur were chosen from the association mapping analysis. Afterwards, the positions of the LD blocks in the reference genome sequence RefSeq v1.0 1 0 sequences (Alaux et al., 2018) . Consequently, the LD block coordinates enabled the 2 2 6 identification of genes whose transcripts showed up-or down-regulation upon salt treatment 2 2 7 and were recognized as potential candidate genes operating within the QTL. The wheat RNA-2 2 8 seq atlas expVIP was used to compare the expression of the genes from the LD blocks with To identify up-or down-regulated transcripts during the salt stress response the samples 2 3 5 collected were sequenced using the MACE approach. An overview of the sequence 2 3 6 processing and reference genome mapping across both osmotic and ionic stress experiments is 2 3 7 presented in the Table 1 . The sequencing process yielded a higher number of total and filtering and a greater average mapping efficiency were observed in the ionic stress libraries 2 4 1 compared to those from the osmotic stress experiment ( Table S1 ). The use of the reference annotation file scored 83% of the total number of unique mapped 2 4 5 reads while with the extended gene models 88% of the reads were counted. Therefore, with 2 4 6 the extended annotation an additional amount of ca. 5 million reads were detected in 12019 2 4 7 genes (see Supplementary Table S2 ) which accounted for 4.5 % of the gene models predicted 2 4 8 in the RefSeq v1.1 genome annotation (IWGSC, 2018) . The observation of 10 Mbp from two 2 4 9 alignment files allowed the identification of five genes extended from 186 to 470 bp ( Table   2 5 0 1 2). Two of these genes also show a prolonged 3'-end according to RNA-seq data from To compare the level of expression of genes in response to salt stress in the osmotic and ionic 2 5 6 phases, the GFOLD tool was used to identify salt-responsive genes in the two tolerant and 2 5 7 two susceptible genotypes studied. The overlapping densities from Syn86 and Zentos adequate expression normalization ( Supplementary Fig. S1 ). Differently, a greater mean of 2 6 0 the expression values was observed at 24 days ASE when compared to the mean in the other 2 6 1 time points ( Supplementary Fig. S1 ). This type of distribution of the expression is an indicator 2 6 2 of high levels of PCR duplication of reads and therefore the deduplicated alignment files were 2 6 3 used for the differential expression analysis at the ionic phase. The density plots produced 2 6 4 after deduplication revealed a better homogeneity among samples from the same genotype 2 6 5 ( Supplementary Fig. S1 ). The removal of low expressed transcripts leaded to the reduction of 2 6 6 the number reads for the differential expression analysis by 3.1% ± 0 3.1% ± 0.4, 3.2% ± 0.2, 2 6 7
3.2% ± 0.6 and 3.9% ± 1.1 for the genotypes Syn86, Zentos, Bobur and Altay2000, 2 6 8 respectively. The differential expression analysis showed a reduced variability among genotypes (mean ± 2 7 1 standard deviation) concerning the percentage of identified novel transcripts (4.5 ± 0.4%) (see genome coordinates in Supplementary Table S3 ), LC (4.6 ± 0.6%) and HC (90.9 ± 1.0%) 2 7 3 gene models. The D subgenome contained the greatest percentage of salt-responsive genes 2 7 4 1 2 (35.8 ± 1.7%) followed by subgenomes B (31.4 ± 1.1%) and A (31.3 ± 1.9%) and unplaced 2 7 5 superscafolds (1.5 ± 0.4%) (see all salt-responsive genes in Supplementary Table S4 ). To better understand the early plant reaction to salt exposure, the comparative transcription of down-regulated at 30 min. In total, Zentos showed 75% of up-regulated genes while Syn86 2 8 9 had 60%. The GO enrichment analysis allowed to compare the over-represented gene categories among 2 9 2 the up-and down-regulated genes identified in each genotype and time point. Highlighted in 2 9 3 the heatmaps are the 24 and 18 ontology terms that were exclusively up-and down-regulated, 2 9 4 respectively ( Fig. 4A,B ). Among the up-regulated categories, the over-representation of 2 9 5 response to wounding genes and tryptophan synthase activity were recognized in the 2 9 6 susceptible genotype, whereas in Zentos the calcium binding category was identified. Defense 2 9 7 response to fungus and bacterium, transcription factor activity and protein kinase coding 2 9 8 genes were over-represented and up-regulated in both genotypes (Fig. 4A ). The down- stress were over-represented in both genotypes and revealed differential expression profiles. The calcium binding category also showed differential expression profiles in the genotypes, 3 0 6 but unlike Zentos, this term was not over-represented in Syn86 (p-value > 0.05) even though 3 0 7 more genes showed differential expression (129 vs 50 genes). Additionally, ontology terms 3 0 8 related to photosynthesis were over-represented in both up-and down-regulated genes from 3 0 9 Syn86 (Fig. 4A,B ). Because of the relevance of these categories in the osmotic stress response contrasting genotypes will be presented in the next section. contrasting genotypes (Fig. 1 ). The expression of 101 photosynthesis-related genes is only
shown in the susceptible genotype ( Fig. 1B ) since the related categories were not over- (photosystem II) genes was observed at 8 min ASE when the photosynthesis rate starts to 3 2 3 decrease in Syn86 (Fig. 1A) . When the photosynthesis rate showed recovery but was still 1 4 inhibited ( Fig. 1A) , 91 transcripts from both photosystems I and II were down-regulated at 30 3 2 5 min with relative expression values ranging from -1.1 to -3.4 ( Fig. 1B) . The LOESS curve from the 50 salt-responsive calcium binding genes of the tolerant genotype this time point with relative expression values ranging from 1.0 to 3.4 (Fig. 1C ). From these with GFOLD values ranging from -1.0 to -3.1 (Fig. 1D ). The majority from these genes (26) 3 3 4
were components of the oxygen-evolving complex from the PSII (Wang et al., 2019) . This and 15 min, respectively. On the other hand, 33 salt-responsive genes from the oxidative stress response category were 3 4 0 identified in Zentos. Eight and 10 of them were up-regulated and showed relative expression was observed at 4 h with expression values ranging from -1.0 to -2.4 (Fig. 1E) . In contrast, expression values than Zentos (Fig. 1F) . Thus, 11, 17 and 22 genes were down-regulated at 8, included both up-and down-regulated transcripts, agrees as well with the inhibited 3 5 0 photosynthetic activity observed in Syn86 in this time point (Fig. 1A) . Finally, all the salt-responsive cell wall genes corresponded to the xyloglucan:xyloglucosyl 3 5 3 transferase activity category. Eighteen genes were identified in Zentos from which 14 showed 3 5 4 up-regulation both at 8 and 15 min with GFOLD values ranging from 1.1 to 4.0 (Fig. 1G ). Otherwise, 24 genes from Syn86 were observed in this category where the LOESS curve highlighted the down-regulation of 16 transcripts at 30 min (Fig. 1H ). The relative expression genes in Altay at 11 days (Fig. 2D ). The simultaneous differential expression of nine genes 3 6 4 was identified across genotypes and time points (Fig. 2D) . The Fig. 3B shows the distribution regulated than of down-regulated ones, whereas the opposite pattern with greater amount of 3 6 7 down-regulated transcripts was found in Bobur at 11 days ASE and in Altay2000 at both time 3 6 8 points (Fig. 3B ). In total, Altay2000 and Bobur contained 61% and 53% of down-regulated 3 6 9 genes, respectively. The Fig. 4C summarizes the GO enrichment analysis at the ionic stress phase which is 3 7 2 separated by the up-and down-regulated genes in the two genotypes and the two time points. Three GO terms specific for this stress phase were identified and half of the enriched 3 7 4 categories shared the same stress effect in the two genotypes ( Fig. 4C ). For instance, 3 7 5 transferase activity, chitinase activity and response to oxidative stress were down-regulated in 3 7 6 both genotypes (Fig. 4C ). On the other hand, translation and transcription factor activity terms 3 7 7
were down-regulated in the tolerant genotype while metal ion binding was up-regulated. The activity were observed in the susceptible genotype (Fig. 4C ). The implementation of a transcriptomic approach allowed the comparison of the salt stress and both sensitive genotypes, respectively ( Fig. 2A ).
8 8
A total of 17 GO terms were over-represented in both the osmotic and ionic phases of salt 3 8 9 stress (Fig. 4) . The translation category appeared down-regulated in the salt-sensitive Syn86 3 9 0 at the osmotic phase and the tolerant Altay2000 at the ionic phase. The serine-type this category showed up-regulation in the salt-tolerant genotype at the ionic stress phase. The genotypes from at osmotic stress phase while it was only down-regulated in both genotypes 3 9 7 studied during the ionic phase. To unravel candidate QTGs that might contain alleles controlling salt stress-related traits, salt-4 0 0 responsive transcripts within the LD blocks harboring markers with significant phenotypic 4 0 1 effect were identified and analyzed. The Table 3 presents the candidate QTGs from two QTL 4 0 2 identified in an association panel (Oyiga et al., 2018) and an AB-QTL mapping population (Table 3) . Among them, TraesCS2A02G395000 showed the strongest stress response in other abiotic stress studies for the four candidate QTGs determined in both intervals (Table   4 1 6 3). The bioinformatic pipeline implemented detected salt-responsive genes in the contrasting 1 8 with RNA pools from plants and the real-time PCR validations analyses have confirmed its 4 2 3 high accuracy (Qiao et al., 2017; Vidya et al., 2018) . Besides uncovering the dynamic 4 2 4 transcriptomic response during salt stress, the MACE-derived sequence analysis conferred 4 2 5 evidence of two type of novel regions with transcription in wheat. Firstly, the differential 4 2 6 expression analysis assigned a putative role in the salt stress response to in silico predicted 4 2 7 novel transcripts. These novel salt-responsive transcripts might enrich the wheat variable 4 2 8 pangenome that represents 39% of the pangenome according to the analysis of the whole 4 2 9 genome of 18 cultivars (Montenegro et al., 2017) . Secondly, the detection of unpredicted 3'- necessary to confirm the transcription of these regions. The adequate expression normalization of the libraries from Syn86 and Zentos allowed to pathway (Ismail et al., 2014) . We can infer that the calcium binding genes that exhibited an 4 7 5 early up-regulation in Zentos may play a role in activating the signaling pathway leading to 4 7 6 abscisic acid accumulation to stimulate growth under stress conditions (Ergen et al., 2009) . In potentials (Palma et al., 2013; Yruela, 2013) . Therefore, the up-regulation of this mechanism 5 0 6 might counteract the oxidative damage in the tolerant genotype at 24 ASE since at 11 days susceptible genotype to avoid Na + transport and accumulation in the photosynthetic tissues 5 1 0 but also may point out at a potential harmful effect of this mechanism for the uptake of non-5 1 1 toxic elements relevant for plant growth when the expression of non-selective cation channels 5 1 2 is affected (Assaha et al., 2017) . A second possibility might be the down-regulation of 5 1 3 transporters responsible for Na + exclusion from leaves that will lead to genotype susceptibility 5 1 4 (Cotsaftis et al., 2012; Wu, 2018) . The similar stress response of some GO terms observed in the contrasting genotypes at the 5 1 7 ionic stress phase supports the finding that some earlier transcriptional responses might 5 1 8 present stronger differences and might cause a greater impact in the contrasting acclimation 5 1 9 response of the genotypes to long-term salt stress (Julkowska and Testerink, 2015) .
Nevertheless, it is also possible that when similar pathways are salt-responsive in both 5 2 1 genotypes the difference might lie in the magnitude of the expression to affect the differential 5 2 2 response. The stress effect on mechanisms related with protein synthesis and breakdown was identified Zhu, 2016; Robles and Quesada, 2019) . The differential response of the 5 3 0 translation and the serine-type endopeptidase inhibitor categories across the stress phases 5 3 1 suggests that the regulation of these mechanisms are stress stage specific. Among the two salt-responsive genes observed in the QTL interval from the association 5 3 5 mapping analysis, the oxoglutarate/iron-dependent dioxygenase showed the strongest down- regulation. This gene superfamily with a wide functional diversification is involved in the 5 3 7 biosynthesis of several specialized secondary metabolites responsive to biotic and abiotic 5 3 8 stresses (Farrow and Facchini, 2014; Xu and Song, 2017) . Therefore, this gene is a strong 5 3 9 candidate that can be prioritized for further validation analyses. The AB-QTL mapping Wang et al. (2014) b From mapping study (Oyiga et al., 2018) c From mapping study (Dadshani, 2018) d GFOLD values from tolerant genotypes are bold and from the susceptible are in italics. e Based on the Interpro results from the RefSeqv1.0 annotation (Alaux et al., 2018) . f Abiotic stress response based on studies deposited in the wheat expression atlas expVIP (Borrill et al., 2016) . 1) Drought and heat (Liu et al., 2015) and 2) cold (Li et al., 2015) . The direction of the arrows indicates the stress effect on expression, ↑ when the gene is up-regulated and ↓ when is downregulated. Fig. 1 . Photosynthesis rate curve (A) and GFOLD values of time course relative expression of some selected gene ontologies from the contrasting genotypes studied during the osmotic stress phase: photosynthesis-related (B), calcium binding (C, D), oxidative stress response (E, F) and xyloglucan:xyloglucosyl transferase activity transcripts (G, H) are shown in Syn86 (B, D, F and H) and Zentos (C, E and G). In each expression profile frame, the gray lines show the time course expression pattern of each gene and the red line is a LOESS (locally estimated scatterplot smoothing) curve that represents the expression tendency of the cluster of genes. The photosynthesis rate curve was adapted from Dadshani (2018), where the shadows represent the standard deviation of the measurements and the time points selected for the transcriptomic analysis are highlighted with blue arrows. 
